The cell nuclei of Ophisthokonts, the eukaryotic supergroup defined by fungi and 20 metazoans, is remarkable in the constancy of both their double-membraned structure and 21 protein composition. Such remarkable structural conservation underscores common and 22 ancient evolutionary origins. Yet, the dynamics of disassembly and reassembly displayed 23 by Ophisthokont nuclei vary extensively. Besides closed mitosis in fungi and open mitosis 24 in some animals, little is known about the evolution of nuclear envelope break down 25 (NEBD) during cell division. Here, we uncovered a novel form of NEBD in primary 26 oocytes of the flatworm Schmidtea mediterranea. From zygotene to metaphase II, both 27 nuclear envelope (NE) and peripheral endoplasmic reticulum (ER) expand notably in size, 28 likely involving de novo membrane synthesis. 3-D electron microscopy reconstructions 29 demonstrated that the NE transforms itself into numerous double-membraned vesicles 30 similar in membrane architecture to NE doublets in mammalian oocytes after germinal 31 vesicle breakdown. The vesicles are devoid of nuclear pore complexes and DNA, yet are 32 loaded with nuclear proteins, including a planarian homologue of PIWI, a protein essential 33 for the maintenance of stem cells in this and other organisms. Our data contribute a new 34 model to the canonical view of NE dynamics and support that NEBD is an evolutionarily 35 adaptable trait in multicellular organisms. 36 37 209 2. Kutay, U. and M.W. Hetzer, Reorganization of the Nuclear Envelope during 210 Open Mitosis. Current opinion in cell biology, 2008. 20
INTRODUCTION 38
Nuclear envelope (NE), which is the boundary of the nucleus, is a defining feature 39 of all eukaryotes. NE serves as a barrier for cytoplasmic and nuclear contents and activity, 40
i.e., protein translation, mRNA transcription and DNA replication. Yet, it also poses a 41 challenge to eukaryotic cell divisions: to separate linear chromosomes enclosed by the NE 42 through assembly/disassembly of microtubules located in the cytoplasm. 43
Nature has evolved diverse solutions in Ophisthokonts to tackle this challenge of 44 cell division [1] [2] [3] [4] [5] [6] [7] [8] . Such solutions involve multiple modes of NE remodeling to allow 45 accessibility to chromosomes by microtubules. The most straight-forward solution is open 46 mitosis. As NE ruptures into pieces, chromosomes are completely exposed to cytoplasmic 47 microtubules and establish contact through kinetochores. Cases were found, mostly in 48 unicellular organisms, that complete rupture of NE is not necessary. 49 small holes open locally on NE for adjacent microtubules to access condensed 50 chromosomes within the nuclei. In closed mitosis, microtubule organization center 51 (MTOC), is embedded in the NE during all or part of the cell cycle. 52
Among all the diverse modes of NE regulation during cell divisions, whether 53 vesiculation is a disfavored strategy by natural selection remains controversial [9, 10] . The 54 fate of NE proteins after NE breakdown and the source of NE proteins for the assembly of 55 new NE in daughter cells underlies the motivation of a proposed vesiculation model four 56 decades ago [11, 12] . In this model, the nucleus breaks down into multiple vesicles with 57 pieces of NE enclosing portions of the nuclear content, while chromosomes are exposed to 58 cytoplasmic factors. Accumulating evidence supports an otherwise mutually exclusive 59 model, that NE proteins are dispersed into the peripheral ER upon NEBD and comes from 60 the ER network upon assembly of a new nucleus, and challenges the experimental methods 61 in earlier studies. While in principle, NE vesiculation maintains barrier function between 62 cytoplasm and nucleus materials, as is in closed mitosis, and allows for full accessibility to 63 the condensed chromosomes by microtubules, as is in open mitosis, whether this solution 64
for cell division indeed exists in nature needs direct evidence. 65
66

RESULTS AND DISCUSSION 67
Meiotic progression can be detected and stages quantified in planarian ovaries. 68
Here, we examined NEBD during oocyte meiosis in a free-living fresh water 69 flatworm, Schmidtea mediterranea, which has been established as a model system to study 70 adult stem cells, regeneration, and germ cell specification [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Detected widespread 71 maintenance of genome heterozygosity suggests potential mechanisms in meiosis [23, 24] . 72
Yet, meiosis has only been studied in the testis [25] . 73
To characterize female meiosis in S. mediterranea, we examined the ovaries using 74
Transmission Electron Microscopy (TEM). Ultrastructural studies revealed five categories 75 of cells with oocyte features (Figure 1; Supplementary Fig.1 ). These cells are in close 76 proximity to each other in a relatively compacted area of the ovary ( Figure 1A) , are of 77 much larger size (20~50m in diameter) than most somatic cells (10~20m), and contain germ cell specific organelles (e.g., chromatoid body [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and annulate lamella [36-43] 79 ) ( Supplementary Fig.1 ). We grouped cells into five categories based on their nuclear 80 morphology. Type-I cells have smaller nuclei with multiple Synaptonemal Complexes 81 (SYCPs) [44] [45] [46] [47] (Figure 1B , Supplementary Fig.2 ), suggesting they are oocytes at 82 zygotene or pachytene stage of prophase I. Type-II cells have undulating NEs, and 83 remnants of SYCPs, characterized by high electron density, short dark stripes ( Figure 1B) . 84
The dissolution of SYCP suggests Type-II cells are entering diplotene stage of prophase I. 85
Type-III, IV and V cells have numerous vesicular structures surrounding the NE and dense 86 patches of condensed chromatins inside the NE ( Figure 1C -E). In Type-IV cells, vesicles 87 are elongated. In Type-V cells, the vesicles are in the cytoplasmic periphery, and shaped 88 like dumbbells. 89
As free ribosomes are easily recognizable and almost evenly distributed in the 90 cytoplasm of all cells, we quantified densities of free ribosomes to examine relationships 91 of these cells. From Type-I to Type-V cells, a gradual decrease in free ribosome density 92 was observed, suggesting Type-I to Type-V cells are oocytes at progressive steps of 93 meiosis ( Figure 1F ). Consistently, distances of the proximal ends of the vesicles to the NE 94 steadily increase from Type-III to Type-V cells ( Figure 1G ), which are diplotene to 95 diakinesis stages of prophase I. As ovulated oocytes are arrested at metaphase II [23], 96 meiosis stages from prophase I to metaphase II likely take place as the oocytes travel 97 through the tuba and oviduct to the female atrium [48] . Alternatively, missing steps in 98 meiosis could be fast and transient, which would be difficult to detect in the ovary. While in Type-III cells the vesicles are dumpy and adjacent to the NE ( Figure 1K ), 114 they are dumbbell shaped and far away from the NE in Type-V cells ( Figure 1L ). Hence, 115 the formation of perinuclear vesicles is very dynamic. As it appears that these vesicles 116 radiate from NE ( Figure 1C -E), we named them Sunburst NE Vesicles (SNEVs). 117
Nuclear membrane vesiculation products are topologically complex. 118
To clarify the dynamics of SNEV formation, we reconstructed 3-D models from 119 serial sections of the oocytes. SNEVs start as double-membraned buds of NE in Type-III 120 cells (Figure2A). The buds grow distally, branch out and fold onto themselves (Figure2B, ) . Figure 3D ). In both cases, the inner membranes of the two double layered membranes are the 139 contacting surfaces. Doublet formation could be a general property of membranes in the 140
oocytes. 141
Taken together, the dynamics of SNEVs and the disappearance of nuclei in 142 metaphase II oocytes define a novel form of NEBD or GVBD. 143
Double-membraned vesicles are filled with nucleoplasmic proteins 144
To examine the fate of nuclear proteins during NEBD, antibodies against the 145
Argonaute protein family PIWI protein SMEDWI-2 [52-56] and Histone H3 were used to 146 characterize the dynamics of SNEV formation. Immunohistological studies revealed 147 SMEDWI-2 persists in the nucleus during all stages of prophase I, where it marks SNEV-148 like structures (Figure4A-C). This is contrast to cytoplasmic SMEDWI-1 protein, which is 149 degraded as the oocyte matures (Supplementary Figure 3A ). Histone H3 protein shows the 150 same dynamics in the nucleus and in SNEVs as SMEDWI-2 ( Supplementary Figures 3B-151 C). These data conclude nuclear proteins are packaged into SNEVs. Interestingly, 152 chromosomes are specifically excluded since these vesicles are negative for DNA dyes 153 (e.g., DAPI, Hoechst 33342) (Figure 4, Supplementary Figures 3B-C) . 154
Metaphase II stage oocytes with four condensed chromosomes can be found in the 155 ovary at low frequency. The distribution of SMEDWI-2 protein in metaphase II stage 156 oocytes ( Figure 4D ) in the ovary is consistent with our ultrastructural findings in the 157 ovulated oocytes. There, the nucleus is dissolved into individual SNEV units of variable 158 size and morphology (Figure 3) , supporting the view that SNEV formation involves mass 159 encapsulation of nuclear contents as vesicles dispersed throughout the cytoplasm. The larger the number of SNEVs, the more the membrane surface area increases. We 169 estimated a 40-fold expansion of nuclear double-layered membranes in total (Methods). to the elongation process. One possible function is to provide membranes. However, no 182 clear reduction of the peripheral ER network is observed (Figures5A-B) . Collectively, the 183 ER-NE-SNEV membrane system expands in size as the oocytes mature. Hence, de novo 184 membrane synthesis is likely required for the formation of SNEVs. 185
Conclusions 186
Our data provided direct evidence that nuclear envelope can break down into 187 vesicles during cell division, highlighting a new paradigm of nuclei dynamics in 188
Ophisthokont. NE vesiculation is likely a trait adapted to the biology of the superphylum 189 and specific regulation of NPCs support that SNEVs are not units for waste disposal but 195 instead tightly regulated structures. As NE vesiculation was found specific to female 196 meiosis, we speculate that SNEV formation is a strategy to regulate the fate of nucleoplasm after GVBD and the establishment of pluripotency in the zygote. While SMEDWI-1 is 198 degraded during oocyte maturation (Supplementary Figure 3A) , nuclear SMEDWI-2 is 199 preserved. Importantly, loss of SMEDWI-1 does not show a phenotype in adult planarians, 200
whereas abrogation of SMEDWI-2 leads to loss of somatic stem cells and death of the 201 worms [53, [69] [70] [71] Figure 3 
